respectively. Electrochemical studies demonstrated the influence of the Ar substituent on the oxidation potential. All complexes showed that the redox potentials of carbene double bond reduction and Mn(I) oxidation were dependent on the type of Ar group, but only 3b showed resolved oxidations for the two Mn(I) centres. Surprisingly, Mn(I) oxidation occurs at lower potentials than ferrocenyl oxidation. Density functional theory (DFT) calculations were carried out to delineate the nature of the species involved in the oxidation and reduction processes and clearly confirm that oxidation of Mn(I) is favoured over that of ferrocene.
Introduction
Organometallic molecular tags or labels employed to manipulate chemical and analytical properties of chemical targets mostly contain an electron-donating ferrocenyl moiety which provides a neat reversible one-electron oxidation process. [1] The anodic electrochemistry of the ferrocenyl group leads to diverse applications including cancer therapy, [2] molecular sensors, [3] and energy transfer processes. [4] The electron-withdrawing properties and IR-active carbonyl groups of a cymantrenyl moiety, Mn(η 5 -C 5 H 4 )(CO) 3 , [5] make this organometallic compound an interesting and significantly different alternative as a molecular tag, although its redox chemistry has been underutilized. [6] Despite the use of cymantrenyl cathodic chemistry for immunoassays, [7] applications of cymantrenyl anodic chemistry are hitherto lacking. This dearth can be attributed not only to the high oxidation potential of the cymantrene unit (ca. 0.9 V vs. ferrocene) as a result of the effect of the π-accepting carbonyl groups, [8] but also to the instability of the radical cation which is still poorly understood. This paper addresses the first of these points by substituting one carbonyl ligand with a less π-accepting ligand, namely a heteroatomsubstituted carbene ligand. Studies of triphenylphosphane-substituted cymantrenyl complexes showed that the thermodynamic and kinetic stabilities of the cationic complexes are greatly enhanced. [9] The effect of employing
Fischer carbenes as weaker π-acceptors than carbonyls is herein imposed by synthesizing a series of cymantrene Fischer alkoxycarbene complexes containing heteroaryl (thienyl, Th, or furyl, Fu) substituents. Both the monoand the biscarbene complexes with bridging 2,5-thienylene (Th') or 2,5-furylene (Fu') carbene substituents, were prepared. Fischer carbene complexes of the type [(CO) 5 M=C(X)R] (M = group 6 transition metal) are very well studied [10] and the electrochemical activity of these group 6 carbene complexes has recently been thoroughly investigated. [11] In contrast, examples of the group 7 type, [Cp(CO) 2 Mn=C(X)R], [12] are not as common, and reports on their redox behaviour are scarce. [13] Fine-tuning of the steric and electronic properties of the carbene moiety can be effected by modulation of the carbene substituents (X = heteroatom substituent, R = aryl substituent). [14] The introduction of a metal-containing substituent, such as ferrocenyl, opens the door for the design of organometallic multi-tag complexes. To this end, mono-and biscarbene ferrocenyl complexes were also synthesized. Electrochemical, ESR, and molecular orbital investigations of these complexes as examples of possible anodic redox multi-tags are reported herein.
Results and Discussion
Synthesis: A series of cyclopentadienyl dicarbonyl manganese carbene complexes was synthesised according to the classical procedure reported by Fischer and Maasböl. [15] Lithiation of the (hetero)arene precursors yielded a mixture of both the mono-and dilithiated (hetero)arene. The reaction mixture was reacted with 2 equivalents of CpMn(CO) 3 to produce the corresponding metal acylate and dimetal bisacylate complexes, which, after alkylation with Meerwein's reagent, [16] yielded both the neutral ethoxy-monocarbene and biscarbene complexes (Scheme 1).
Chemical oxidation of the Mn(I) centre of 3a was achieved by the use of AgPF 6 [17] (Scheme 2) to yield the radical Mn(II) species [3a][PF 6 ]. All neutral compounds were purified by column chromatography to give products as dark yellow to brown (Th, Fu) or dark red to maroon (Fc) solids. Complexes (except 2b [18] and [3a][PF 6 ]) were stable in the absence of oxygen and could be stored for months under argon in the cold, however decomposition could be detected after 30 min in C 6 D 6 and CH 2 Cl 2 during electrochemical studies, but allowed enough time for electrochemical and spectroscopic studies to be completed.
Spectroscopy:
By employing NMR and IR spectroscopy, electronic effects of the carbene substituents could be followed (Table 1) . Both the α and ß protons in the 1 H NMR are deshielded as a result of π-resonance stabilization effects due to the coordination of the metal-carbene moiety. For the thienyl and ferrocenyl complexes (1a, 1b, 3a and 3b) the H α is used as a probe as it is most sensitive towards electronic ring substituent involvement. However, for furyl complexes (2a and 2b) the H ɣ resonances are used as a probe as these proton shifts show a more downfield shift compared to the H α . The assignment of the thienyl and furyl ring proton chemical shifts is based on assignments following predicted shifts for ester derivatives. [19] No usable NMR spectra could be obtained for the paramagnetic [3a][PF 6 ]. The expected band pattern [20] associated with the carbonyl stretches of a [CpMn(CO) 2 L] system could be observed in the infrared spectra of all complexes, with very similar stretching frequencies ( Table 1 ). The wavenumbers observed for complex [3a][PF 6 ] ( Figure 1 ) show a significant shift of the carbonyl stretching mode bands to higher frequency, consistent with coordination to a Mn(II) ion and diminished metal-to-ligand π-back-donation due to the higher metal oxidation state and reduced d-electron density. Furthermore, the bands fall well within the expected range for the one-electron oxidation of a "piano-stool" complex. Thus, the average shift of 116 cm -1 from that of neutral 3a compares favourably with that previously reported for cationic cymantrene complexes (~115 cm -1 ). [6] The DFT-calculated IR spectra for 3a and 3a
•+ (Figure 1 ) reproduced the key carbonyl band shifts upon oxidation of 3a in the experimental spectrum to within 11 and 16 cm -1 for the antisymmetric and symmetric stretching modes, respectively. Moreover, the calculated peak separation between the two CO modes for the Mn(I) complex (68 cm -1 , 3a) and Mn(II) complex (70 cm -1 , 3a
•+ ) fell within 6 wavenumbers of the experimental peak separation. Note that the absolute frequencies of the calculated peaks are not expected to correlate exactly with those measured experimentally due to intrinsic limitations in the calculation method. [21] That said, a scaling factor of 0.961 for the carbonyl frequencies calculated at the HSEH1PBE/6-311+g(d,p) level of theory (in CH 2 Cl 2 ) would bring the theoretical spectra into the correct frequency range for direct comparisons with the experimental spectra to be made. The DFT-calculated Mn(I/II) coordination geometries ( Figure 1 ) are in excellent agreement with the X-ray data reported for the neutral and oxidized forms of the cymantrene derivative Mn(η 5 -C 5 H 4 NH 2 )(CO) 3 . [6] For example, the Mn-CO distances average 1.80(1) Å in the experimental structure (the data do not allow a distinction between Mn I and Mn II to be made). In the simulated structures of 3a and 3a
•+
, the Mn-CO bonds contract from 1.83(1) Å to 1.77(1) Å upon oxidation of the metal. The Mn=C bond shows a similar contraction from 1.98 to 1.91 Å with the change in oxidation state of the manganese ion.
Electrochemistry: Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and Osteryoung square wave voltammetry (SW) were conducted on 1 -3 [18] in CH 2 Cl 2 utilizing 0.1 mol·dm -3 [N( n Bu) 4 ][PF 6 ] as supporting electrolyte in a glove box having oxygen and moisture levels less than 5 ppm. CV's are shown in Figures 2 and 4 while data are summarized in Table 2 .
As was the case with previously reported chromium [22] and tungsten [23] Fischer ethoxycarbene complexes, Table 2 ). However, in the Cr and W systems, the metals were in the zero oxidation state. In the present series of compounds, Mn is in the +1 oxidation state. Our computational results [24] are mutually consistent with the electrochemistry in showing that this reduction is not a Mn(I) reduction to Mn(0). Figure 3 shows the computed frontier molecular orbitals of complex 2a, where the carbene ligand adopts a vertical coordination mode and the ethoxy-group is oriented towards the carbonyl ligands (in the so-called anti-conformation). This conformation is reported to be the most stable conformation in similar manganese(I)-alkoxycarbene complexes.
[25] The LUMO is mainly centred in the p z atomic orbital of the carbene carbon atom. Therefore, it should be expected that the one-electron reduction process should lead to the radical anion 2a
•-whose unpaired electron remains mainly located in the p z orbital of the carbene carbon atom. Indeed, the computed spin density on 2a
•-indicates a value of 0.55 e on the carbene carbon atom, thus confirming the assignment of -Mn-C• as reduction product (Figure 3 ). Similar LUMO's were observed for the rest of the mono-and biscarbene complexes considered in this study. The carbene double bond of 1 (Ar = Th) and 2 (Ar = Fu) is reduced at potentials at least 300 mV smaller (more negative) than the Cr(0) analogues. [22] This implies that compared to Cr 0 (CO) 5 , the CpMn I (CO) 2 fragment is more electron-donating despite the metal being in the +1 oxidation state. As a consequence, the electrophilic nature of the carbene carbon atom is reduced in these group 7 Fischer carbene complexes as confirmed by the computed higher p z occupation of the carbene carbon atom of 2a (0.74 e) compared to its Cr(0)-carbene counterpart (0.63e), which is translated into a more difficult reduction. For Ar = Fc, reduction of the M=C double bond was only observed for the biscarbene complex 3b. Repeated experiments with 3a failed to show the carbene reduction within the allowed potential window of CH 2 Cl 2 . This finding correlates with the computed energy of the corresponding LUMO's (3b: -1.88 eV < 2a: -1.83 eV < 3a: -1.64 eV) which indicates that the reduction process should be much easier for complexes 3b and 2a than for 3a, as experimentally observed (see Table 2 ). The spread of reduction potentials of wave I in the range -2.334 < E o' < -2.065 V (E o' 3a fell outside the lower limit of this range) is indicative of good electrochemical interaction between the Ar = Fu, Th or Fc group and the Mn I =C moieties in 1-3.
Free ferrocene and cymantrene each display a one-electron oxidation with E o¢ = ½(E pa + E pc ) of cymantrene 0.92 V vs. FcH/FcH + ; [6] electrochemical and chemical reversibility of the cymantrenyl moiety is not as good as with the ferrocenyl fragment. [6, 17, 26, 27] Electrochemical reversibility is associated with DE = E pa -E pc = 59 mV and i pc /i pa = Figure S1 ). Table 2 ). Although strictly speaking DE = 59 mV is diagnostic of electrochemical reversibility, [28] electrochemical reversible redox processes of the ferrocenyl group is universally accepted. Since DE for the Fc and Mn redox processes are for all practical purposes identical, we conclude that electrochemical reversibility of the cymantrenyl group is comparable with that of a ferrocenyl group in the present series of group 7 Fisher carbene complexes. , began to decompose notably before the LSV experiment is completed ( Figure  4 ). , the fully oxidised product (Scheme 3) onto the active surface of the electrode. Scheme 3 highlights the proposed electrochemical pathway of the observed redox processes of 3b. The other ethoxybiscarbene complexes undergo essentially the same processes although wave 1 is not resolved into two separate one-electron transfer processes, and the ferrocenyl wave is absent.
DFT simulations-redox chemistry: In order to gain more insight into the oxidation processes and the nature of the species involved, a Density Functional Theory (DFT) study was carried out. [24] We first focused on the oxidation process of complex 2a. As depicted in Figure 3 , the HOMO of 2a (i.e. the orbital from which the electron is released) is mainly located on a doubly occupied d atomic orbital of the manganese atom. This orbital nicely represents the π-backdonation of the transition metal to the vacant p z atomic orbital of the carbene carbon atom. Therefore, the one-electron oxidation should lead to a radical cation where the unpaired electron is mainly located at the manganese. Figure 5a ).
The second oxidation process was tentatively assigned to the formation of the corresponding Mn(III) dication 2a 2+ (see above). Our calculations nicely agree with this assignment and reveals that the dication 2a
2+
presents a peculiar bonding situation which is markedly different to the structures of 2a and the radical cation 2a·
+
. As a consequence of the oxidation process which eliminates the two electrons of the HOMO of 2a (located at the manganese), the transition metal is prone to accept more electron density from the carbene ligand. Indeed, a clear C-H agostic interaction is present in 2a 2+ as confirmed by the computed short Mn···HC distance of 1.919 Å (Figure 5a ). Additionally, the Atoms in Molecules (AIM) method further supports the existence of this agostic interaction. As seen in Figure 5b , the Laplacian distribution of 2a 2+ in the Mn-H-C plane clearly reveals the occurrence of a bond critical point located between the transition metal and the hydrogen atom, which is associated with a bond path running between these two atoms. Moreover, the computed value of 0.038 e Å -3 for the electron density at the bond critical point is in the range expected for CH agostic interactions.
[28] The bonding situation of 2a 2+ resembles that found for related pentacarbonylchromium(0) and tungsten(0) carbene complexes formed upon 2-electron oxidation of the transition metal, [22, 22] which indicates that this bonding situation seems to be general for oxidized Fischer carbene complexes regardless of the transition metal and associated ligands.
We then considered the oxidation processes of the ferrocenyl substituted carbene complexes 3a and 3b. Analogously to 2a, the one-electron oxidation of 3a leads to the formation of the radical cation 3a
•+ whose unpaired electron is mainly located at the manganese (computed spin density of 1.21 e). This result confirms the above electrochemical conclusion that the manganese is oxidized before the iron atom and is consistent with the ESR spectrum of 3a
. Subsequent one-electron oxidation may lead to two different species, namely the openshell singlet complex formed upon oxidation of the Fe(II) to Fe(III) or, alternatively, the closed-shell singlet involving the oxidation of the Mn(II) to Mn(III). Our calculations reveal that the former species is 26.4 kcal/mol more stable than the latter, thus suggesting that the dication 3a +2 presents two unpaired electrons (computed spin densities of -1.26 and 1.30 for Mn and Fe, respectively, see Figure 6a ).
A similar behaviour can be found in biscarbene complexes 3b. As readily seen in Figure 6b , the first oneelectron oxidation involves the Mn(I) to Mn(II) reaction to produce the radical cation 3b 6 ] was generated by AgPF 6 -mediated oxidation of 3a at -41 °C in CH 2 Cl 2 (Scheme 2); transfer of the solution to a gas-tight ESR tube after 7 min followed by immediately recording the X-band ESR spectrum at 77 K permitted observation of a clean spectrum of the transiently stable radical cation ( Figure 7) . (Note that a sample removed from the reaction vessel after 35 min afforded only a low-resolution, low-intensity ESR spectrum indicative of time-dependent decay of [3a][PF 6 ] to one or more ESR-silent species in solution.) The ESR spectrum of 3a
•+ is characterized by a rhombic g-tensor with the components g z = 2.130, g y = 2.007, and g x = 1.975. Each gcomponent is, furthermore, split into six lines as a result of hyperfine coupling to the 55 Mn nucleus (I = 5/2, 100%).
While the hyperfine coupling clearly confirms oxidation of Mn(I) (diamagnetic low-spin d 6 ) to Mn(II) (S = ½ d 5 ), the ensuing peak overlap significantly complicates interpretation of the derivative spectrum and creates difficulties not only when attempting to locate the g-tensor components, but also when attempting to delineate the hyperfine coupling constants (A-values). We found that deconvolution of the ESR absorption spectrum ( Figure 7a ) into a summation of Voigt functions [30] partly simplified the task of locating the g-tensor components and measuring the hyperfine coupling constants from the experimental spectrum. As is customary in spectroscopy, [30] we chose to fit the data with a summation of Voigt functions as these functions represent a convolution of Gaussian and Lorentzian line shapes, have a sound theoretical basis, and are well-suited to analysing spectroscopic absorption bands in which both lifetime broadening (e.g. due to spin-lattice relaxation) as well as Doppler, instrumental, and proximity line broadening are present to varying extents. This requires that the derivative ESR spectrum be fit in its integrated form (i.e. absorption spectrum, Figure 7a ). In systems with rhombic g-tensors and no hyperfine coupling [e.g. low-spin Fe(III)] spectral deconvolution of the absorption trace is straightforward; the situation is, however, more complex in the case of low-spin Mn(II) due to each g-tensor component affording six absorption lines.
Given the above limitations expected for spectral deconvolution of the ESR absorption spectrum of a low-spin Mn(II) ion, precise location of g y is nevertheless straightforward and simply achieved using H max for the most intense component peak (3352 G) in the absorption spectrum ( Figure 7a ). Location of g x and g z is more difficult especially since the Voigt functions themselves are of variable band width and, in some cases, represent more than one overlapped peak. For g z , the position of this tensor component is expected to be at the centre of gravity of the six independent equal-intensity lines into which the signal splits by virtue of hyperfine coupling to 55 Mn.
Only the three low-field hyperfine lines are in fact easily discerned. That said, the experimental anisotropic hyperfine coupling constant A 1 (115 G) may be used to locate g z since it is at precisely 2.5A 1 to higher magnetic field from the lowest-field line in the spectrum. Unfortunately locating g x is significantly more problematic. Our best estimate using an analysis of the Voigt components in conjunction with the value of A 3 measured as indicated in Figure 7b places g x at 3428 G (i.e., g x = 1.975). From the Voigt functions in Figure 7a , the anisotropic hyperfine coupling constants A 2 and A 3 measure 33 and 43 G, respectively. Note that measurement of A 3 from either the absorption or derivative spectrum is complicated somewhat by the fact that the peak expected between the indicted pair of lines is unresolved (as a result of overlap). (The spacing 2A 3 is, however, wellresolved and simple to measure.)
While useful, peak deconvolution of the ESR absorption spectrum is subject to significant uncertainty, particularly in the lower magnetic field range, contingent upon the lower intensity of the spectral envelope. The estimate of A 1 in Figure 7a [82(23) G] is therefore the least accurate of the three hyperefine coupling constantsin contrast to the situation when analyzing the first derivative of the spectral envelope. We therefore feel that for [3a][PF 6 ] it is not only practically sound, but indeed preferable, to use the value of A 1 determined from analysis of the derivative trace (i.e. A 1 = 115 G, Figure 7b ). 6 ] concerned assignment of the g-tensor components as g x , g y , or g z . Experimental assignment of the g-tensor components requires determination of the tensor axes relative to the molecular framework, which requires a large face-indexed crystal, the X-ray crystal structure, and analysis of the ESR spectrum as a function of the orientation of the crystal in the applied magnetic field. In the absence of a suitable single crystal, we resorted to calculating the g-tensor and anisotropic spin-dipole couplings for 3a
A key question that emerged during analysis of the ESR spectrum of [3a][PF
•+ using a suitable hybrid DFT functional and several basis sets both in vacuo and in a CH 2 Cl 2 solvent continuum. The g-values calculated with the all-electron basis set 6-311g(d,p) [31] (Table 3) are remarkably independent of the presence or absence of diffuse functions or solvent and are in excellent agreement with the experimental values. Furthermore, the calculated g-shifts relative to the free electron g-value allow unambiguous assignment of the experimental g-values as depicted in Figure 7b . The g-values calculated using the effective core potential (ECP) basis set SDD [32] are also in good agreement with the experimental values;
only g z deviates by more than 20,000 ppm from the experimental value. Because of the generally good precision in the simulation data we can determine the mean calculated g-values using all of the available data for 3a
: g x = 1.998(1), g y = 2.03(1), and g z = 2.13(5). Table 3 . DFT-calculated parameters for 3a
•+ as a function of basis set type.
[a] [a] Units and abbreviations: DCM PCM, dichloromethane polarization continuum model; g-shifts relative to g e for the free electron are in ppm; spin (Mulliken) and electron densities (NBO 3.0 [33] ) are given in electron charge units and are listed for the Mn(II) ion only; IFCC, isotropic Fermi contact coupling for Mn; A n are the anisotropic spin-dipole coupling constants for Mn (where n is the principal axis system component).
The unpaired spin densities on the Mn(II) ion of 3a
•+ range from 1.09-1.29 e depending on the basis set used and are consistent with the value of 1.21 e calculated at the B3LYP/def2-SVP level of theory (vide supra). The calculated anisotropic spin-dipole couplings in Table 3 vary somewhat more with the basis set and/or the presence of solvent. The mean calculated anisotropic spin-dipole coupling constants are: A 1 = -75(3) G, A 2 = 31(6) G, and A 3 = 44(4) G. From the experimental ESR spectrum of 3a •+ , we were able to reliably measure A 2 (33 G) and
The value of A 1 determined from the derivative trace (115 G) clearly deviates significantly from the calculated value of A 1 . That said, determination of A 1 from the Voigt functions below 3150 G in Figure 7a yields an estimated mean A 1 value of 82(23) G-somewhat closer to the DFT-calculated value, but subject to substantial uncertainty. Significantly, the relative absolute magnitudes of the experimental and DFT-calculated hyperfine coupling constants follow the same order (A 2 < A 3 << |A 1 |), which affirms the approach we have used for assignment of the experimental ESR spectrum of [3a][PF 6 ].
Importantly, replacement of one of the three CO ligands in cymantrene, Mn(Cp)(CO) 3 , with a carbene ligand in the present case of 3a
•+ lowers the symmetry of the g-tensor from tetragonal to rhombic. A switch in the g-tensor anisotropy may thus be used to detect the substitution of a carbonyl ligand in Mn(II) cymantrene derivatives (at least for carbenes). With the exception of the rhombic g-tensor, the magnitudes of the key ESR spectral parameters for 3a •+ are broadly in accord with the tetragonal g-and A-tensor components reported previously for Mn(Cp g )(CO) 3 derivatives, where g is a substituent on the Cp ligand. [6] These latter tricarbonyl complexes have gand A-values in the following ranges: g ||~ 2.12-2.21, g^~ 2.01-2.08, A ||~ 65-79 G, and A^~ 30-50 G. . DFT calculations showed that the mono-and biscarbene complexes containing one or two Mn(I) ions always undergo one-electron oxidation of manganese before the onset of ligand or ferrocene oxidation. This reflects localization of the HOMO on the Mn=C group of the cymantrene unit. Our interpretation of the electrochemical and DFT data was tested experimentally using ESR spectroscopy to probe 3a
•+ produced by direct chemical oxidation of 3a. The ESR spectrum revealed a rhombic g- 2-Bromothiophene (2 mmol, 0.2 mL) was dissolved in 30 mL thf and cooled to -70 o C. One equivalent LDA (2 mmol) was added and the solution stirred for 15 minutes at low temperature. CpMn(CO) 3 (2 mmol, 0.40 g) was added in one portion and stirred for 15 minutes after which the cold bath was removed and the mixture allowed to stir for an additional 1hr. The reaction mixture was then cooled to -60 o C and nBuLi (1.5 M, 2 mmol, 1.3 mL) was slowly added. After 30 minutes another equivalent of CpMn(CO) 3 (2 mmol, 0.40 g) was added and allowed to stir for 15 min in the cold. The bath was removed and the mixture stirred for 1 hr at room temperature. The solvent was changed to CH 2 Cl 2 and the reaction cooled to -40 o C after which 2 equivalents of Et 3 OBF 4 with 10% excess (4.4 mmol) dissolved in CH 2 Cl 2 was added. After 15 min in the cold bath the mixture was allowed to reach room temperature over an hour. Purification with column chromatography on silica and gradient elution starting with 1:4 CH 2 Cl 2 /hexane solution afforded the ochre coloured monocarbene (1a) and the maroon coloured biscarbene (1b) complexes. 6 ] was generated as follows for ESR spectroscopy. Solid compound 3a (0.060 g, 0.10 mmol) and solid AgPF 6 (0.030 g, 0.10 mmol) were placed together in a dry Schlenk tube under nitrogen at -41 °C in an acetonitrile/liquid nitrogen slush bath. After thermal equilibration, 10 mL of dry CH 2 Cl 2 that had been pre-cooled to -41 °C was added to the solids via cannula transfer from a reservoir flask under nitrogen. The solution immediately changed from orange-brown to deep red and was mixed by swirling for ca. 6 min at -41 °C before transferring a ca. 600-μL aliquot of the reaction mixture by cannula filtration into a gas-tight ESR tube suspended in the slush bath at -41 °C. The sample aliquot was immediately flash-frozen in liquid nitrogen and then transferred to a liquid nitrogen-containing quartz finger dewar mounted in the sample slot of the microwave resonator of a Bruker EMX-plus X-band ESR spectrometer operating at a frequency of 9.421260 GHz. The final spectrum was obtained from 12 scans over the spectral range 2700-3900 G using the data acquisition parameters indicated in Figure 7 . The spectral data in derivative mode were first filtered (boxcar averaging with a 7 point window and 9 th order polynomial filter) and then resolution-enhanced (line-broadening function = 0.200 G) for the final plot. The ESR absorption spectrum (raw data) was deconvoluted into a series of constituent Voigt functions using FitYk 0.9.8 [35] in order to facilitate g-value assignments. The fit parameters are given in the Supporting Information.
Molecular simulations:
Geometry optimizations without symmetry constraints were carried out using the Gaussian09 suite of programs. [36] Electron correlation was partially taken into account using the hybrid functional denoted as B3LYP (and uB3LYP for radical cations and open-shell species) [37] in combination with double-ζ quality plus polarization def2-SVP [38] basis set for all atoms (this level is denoted B3LYP/def2-SVP). Calculation of the vibrational frequencies [39] at the optimized geometries showed that the compounds are minima on the potential energy surface. The AIM [40] results described in this work correspond to calculations performed at the B3LYP/def2-SVP level on the optimized geometry of 2a +2 . The topology of the electron density was studied using the AIMAll program package. [41] DFT simulations for analysis of the ESR spectrum of 3a
, specifically determination of the g-and A-tensors, were performed with an unrestricted wave function using the full HeydScuseria-Ernzerhof hybrid functional HSEH1PBE [42] and three basis sets: the effective core potential basis set SDD [32] and the all-electron basis sets 6-311g(d,p) [31] or 6-311+g(d,p). We also determined the electronic structure of 3a •+ in CH 2 Cl 2 (polarization continuum model, PCM). The geometries of all structures were fully optimized; no negative eigenvalues were calculated in any of the post-optimization frequency jobs.
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